Understanding the molecular mechanisms underlying fatty liver disease (FLD) in humans is of major importance. We used high-density oligonucleotide microarrays (22.3 K) to assess the mechanisms responsible for the development of human liver steatosis. We compared global gene expression in normal (n ¼ 9) and steatotic (n ¼ 9) livers without histological signs of inflammation or fibrosis. A total of 34 additional human samples including normal (n ¼ 11), steatosis (n ¼ 11), HCV-related steatosis (n ¼ 4) or steatohepatitis associated with alcohol consumption (n ¼ 4) or obesity (n ¼ 4) were used for immunohistochemistry or quantitative realtime PCR studies. With unsupervised classification (no gene selection), all steatotic liver samples clustered together. Using step-down maxT multiple testing procedure for controlling the Family-Wise Error-Rate at level 5%, 110 cDNAs (100 over-and 10 underexpressed) were found to be differentially expressed in steatotic and normal livers. Of them were genes involved in mitochondrial phosphorylative and oxidative metabolism. The mean ratio of mitochondrial DNA to nuclear DNA content was higher in liver steatosis compared to normal liver biopsies (1.1270.14 vs 0.6770.10; P ¼ 0.01). An increased expression of genes involved in inflammation (IL-1R family, TGFB) was also observed and confirmed by quantitative RT-PCR or immunochemistry. In steatohepatitis, an increase of the protein expression of mitochondrial antigens, IL-1R1, IGF2 and TGFB1 was also observed, interleukin 1 receptor being always strongly expressed in steatohepatitis linked to alcohol or obesity. In conclusion, mitochondrial alterations play a major role in the development of steatosis per se. Activation of inflammatory pathways is present at a very early stage of steatosis, even if no morphological sign of inflammation is observed. Laboratory Investigation (2006) 86, 154-165.
Fatty liver disease (FLD) is a term used to describe a wide spectrum of clinical conditions that result in triglyceride accumulation (steatosis) and progressive necroinflammatory liver disease (steatohepatitis). Steatosis and steatohepatitis are often attributed to the effects of excessive alcohol consumption, obesity, diabetes and drugs (for reviews see Ried ). When the aetiology is not alcoholic, the disease is referred to as nonalcoholic steatohepatitis (NASH) or nonalcoholic fatty liver disease (NAFLD). The most common disorders associated with liver steatosis are insulin resistance and obesity. 1, 2 Recent epidemiological data showed that steatosis could affect a considerable number of subjects, as 30% of North American adults-nearly 59 million peoplewere obese in 2000. 3 Growing obesity rates are not confined to the US. Obesity is also related with other health risks including cardiovascular disease, diabetes, asthma, arthritis and cancer. 4 Changes in liver structure due to lipid accumulation have deleterious effects as they increase the sensitivity of the liver to several types of injury, including injury due to drug toxicity and surgery. It was recently suggested that rather than being an 'innocent bystander', liver steatosis may be the 'guilty party' of the progression to cirrhosis [5] [6] [7] and possibly in the development of hepatocellular carcinoma (HCC). 8 This can result in end-stage liver disease requiring liver transplantation. [9] [10] [11] Therefore, understanding the molecular mechanisms underlying FLD is of major importance. Mechanisms responsible for the development of steatosis, the hallmark feature of steatohepatitis, have been extensively studied in mouse models. However, because of difficulties of such studies in humans, little is known about the molecular and cellular pathways involved in humans. In fact, available evidence points to interspecies differences in the mechanisms involved. 12 Most published studies have analysed only one or two genes or gene products in liver steatosis or NASH and have therefore not demonstrated the potential molecular diversity of this frequently seen liver histological feature. Recent advances in microarray technology and bioinformatics have revealed molecular heterogeneity based on genome-wide gene expression profiles. Recently published microarray data have demonstrated significant differences in the expression of genes important for maintaining mitochondrial function between NASH patients and healthy subjects. 13 Here, we compared genome-wide mRNA levels in normal livers and in fatty livers without histological features of inflammation to improve our understanding of the physiopathogenesis of steatosis per se.
Materials and methods

Patients and Tissue Samples
In our institution, liver biopsies are systematically collected during graft harvesting to check the histological quality of the liver graft before orthotopic transplantation. From 72 consecutive liver biopsies, 18 were selected based on the following criteria: a stay in Intensive Care Unit for less than 24 h, the absence of pathological features of inflammation and RNA preparation of good quality to perform microarrays. There were nine normal liver biopsies and nine steatotic liver biopsies; the characteristics of patients are detailed in Table 1 . Causes of death were accidental cerebral impact in seven cases and vascular cerebral failure in 11 cases. All the donors responded to the criteria for liver transplantation and results of liver function tests were within the accepted range for transplantation. Haemostasis parameters were normal and prothrombin time was greater than 70% in all cases. No infection with viruses such as hepatitis B virus (HBV), hepatitis C virus (HCV), human T-cell leukaemia lymphoma virus (HTLV)1 and HTLV2 was detected. Creatinin levels were below 100 mmol/l and none of the donors had diabetes. Height and weight were recorded for each donor and body mass index (BMI ¼ weight (kg)/(height (m)
2 ) was computed. The study protocol follows the recommendations of the ethical guidelines of the 1975 Declaration of Helsinki and was approved by our ethical committee.
Histological analysis of human liver biopsies was performed by two independent pathologists. The grade of steatosis was defined as 1 when less than 30% of hepatocytes presented lipid vacuoles, and 2 when 30-60% of hepatocytes presented lipid vacuoles. Two groups of liver biopsies were considered: the first group consisted of nine liver biopsies without any histological feature of steatosis or inflammation; the second group consisted of nine liver biopsies with grade 1 (n ¼ 5) and grade 2 (n ¼ 4) steatosis. There was no fibrosis, Mallory bodies or cirrhosis in any of the livers used. The mean BMI was 26.574.3 kg/m 2 in the steatosis group and 22.773.0 kg/m 2 in patients without steatosis (Po0.05).
A second set of liver biopsies was used for immunohistochemistry and/or quantitative RT-PCR studies. It consisted of 22 other human frozen liver biopsies from graft donors selected for the presence (n ¼ 11) or absence (n ¼ 11) of steatosis and the corresponding paraffin-embedded samples, and also paraffin-embedded liver samples with steatohepatitis from obese patients (n ¼ 4), from alcoholic patients (n ¼ 4), or HCV-associated steatosis (n ¼ 4).
RNA Extraction and Microarray Hybridization
Gene expression in fatty and normal livers was analysed using a high-density oligonucleotide microarray (HG-U133A; Affymetrix, Wooburn 
Analysis of Microarray Data
Starting from the 18 CEL files, gene expression measures were computed using the Robust Multichip Average (RMA) method described in Irizarry et al. 14 This method includes the following successive steps: (1) background correction; (2) probe-level quantile normalization; 15 (3) calculation of expression measures using median polish.
The first step of data analysis consisted in unsupervised hierarchical clustering of liver samples, based on gene expression measures, with no gene preselection. An agglomerative procedure (ie, a bottom-up procedure, where one starts with each sample in its own cluster and, at each step, joins the two closest clusters, until all samples are in a single cluster) was applied. The Euclidean distance was used as a dissimilarity measure between individual samples and average linkage as a dissimilarity measure between two clusters (ie, average of all distances between samples in the two clusters).
The second step of analysis consisted in the identification of differently expressed sequences between the two groups of liver samples (normal and steatotic livers). Two-sample t-statistics, with unequal variance, were computed for each sequence. The step-down maxT multiple testing procedure was used for a Family-Wise Error Rate (ie, the chance of at least one false positive) of 5% (Type I error). [16] [17] [18] Table 2 . The specificity of the nucleotide sequences was confirmed by conducting BLAST searches. The 18S genomic control kit (Eurogentec, Angers, France), designed for ribosomal 18S RNA amplification, was used as a reference to normalize the results. The 18S cDNA PCR mixture contained 12.5 ml of Mastermix Plus s reagents (Eurogentec, Angers, France), 5 nmol of forward primer, 5 nmol of reverse primer and 2.5 nmol of probe to 18S gene in a total volume of 25 ml. To quantify genes implicated in inflammation, a PCR mixture contained 2.5 ml volume of reverse transcription product, 12.5 ml of qPCR Mastermix Plus s for Sybergreen I without UNG (Eurogentec, Angers, France), 1 ml of each primers (forward and reverse at 10 nmol/ml) and 8 ml of water in a total volume of 25 ml. For standard curve, a 2.5 ml volume of pure and diluted cDNA from liver RNAs control (1/10, 1/100, 1/1000) was used. Each of the 50 PCR cycles consisted of 15 s denaturation at 951C and hybridization of probes and primers as well as DNA synthesis for 1 min at 601C. Experiments were performed in triplicate for each standard and sample data point. The relative amounts of cDNA for each gene and 18S gene in the samples were computed by comparison with standard curves. For each sample, results were normalized, using the 18S RNA value of the calibrator to obtain a final R-gene value.
MtDNA Quantification
We quantified mitochondrial DNA (mtDNA) in the total DNA extracted from each liver biopsy with (n ¼ 20) and without (n ¼ 20) steatosis using the method described before. 22 In brief, the nuclear gene (TaqMan s b-actin control reagent, Perkin Elmer, Courtaboeuf, France) and the mitochondrial gene MT-CYB (cytochrome b or cyt b) were quantified separately by real-time quantitative PCR. We amplified part of the cyt b mitochondrial gene with specific primers (Table 2 ). The PCR mixtures contained 7 ml of water, 12.5 ml of qPCR Mastermix Plus s reagents (Eurogentec, Angers, France), 0.4 pmol/ml of each primer and 0.2 pmol/ml of each probe. Each sample was subjected to real-time PCR in triplicate. The amplification conditions are the same as described before. Fluorescence was measured at the end of each annealing step. A standard curve of 10, 100, 1000, 10 000 and 100 000 nucleargenome equivalents was included in each run, and the same nuclear-genome equivalent values were used to quantify both the b-actin and cyt b genes. The data were expressed as the ratio of the mean mitochondrial DNA value (cyt b) of the triplicate measurements to the mean nuclear DNA value (b-actin) of the triplicate measurements for a given extract (mtDNA/b-actin).
Immunohistochemistry
A total of 34 formalin-fixed paraffin-embedded hepatic liver tissues identified using a computerized database were retrieved from our surgical pathology files to perform immunohistochemistry analyses. There were 11 liver samples with steatosis, 11 liver samples without steatosis, four HCV-infected livers exhibiting steatosis and eight steatohepatitis samples due to excessive alcohol consumption (n ¼ 4) or obesity (n ¼ 4). The tissue microarray construction was made as described by Kononen et al. 23 Each case comprised a triplet of liver tissue as spots of 0.6 mm in diameter. Immunostaining was performed using the standard avidin-biotin peroxidase technique with antigen retrieval in accordance with the studied antibody. The primary antibodies used were an anti-mitochondrial antigen monoclonal antibody (dilution 1:50, clone 113-1; Biogenex, San Ramon, CA, USA), an anti-TGFB1 (sc-82) polyclonal antibodies (dilution 1:100, Santa Cruz, California, CA, USA), an anti-IL1-R1 (dilution 1:400; AB-269-NA, R & D System, Lille, France) and an anti-IGF2 (dilution 1:800; AF-292-NA, R&D System, Lille, France). Diaminobenzidin was used as the chromogen and haematoxylin as the nuclear counterstain. For negative controls, the primary antibody was either omitted or replaced by a suitable concentration of normal IgG of the same species. The analysis was both descriptive and semiquantitative, taking into account the cellular location of the signal in addition to the percentage of positive cells scored as 0 (no staining), 1 (less than 25% of cells), 2 (between 25 and 75%) and 3 (more than 75%). The intensity of immunostaining was also graded 1 (weak), 2 (medium) and 3 (strong). The analysis of the three cores per samples was similar and showed a uniform degree of staining between all cores for all antibodies except for the anti-mitochondrial antigen monoclonal antibody; an average score was determined. All sections were scored independently by two pathologists.
Statistical Analysis
The mean and standard deviation were computed in group without fatty liver and group of fatty liver and the results were compared with a Student's t-test (a ¼ 0.05). The results of immunochemistry were compared with a w 2 test (a ¼ 0.05).
Results
Gene Expression
We selected liver biopsies according to the presence or absence of liver steatosis and the lack of microscopic signs of inflammation. None of the samples presented signs of fibrosis, Mallory bodies Gene expression in human liver steatosis F Chiappini et al or cirrhosis. RNA was obtained from 18 human livers biopsies (nine with and nine without liver steatosis); the two groups were not different except that the BMI was significantly higher for the group of patients with liver steatosis. RNA of each liver biopsy was hybridized to Affymetrix HG-U133A GeneChips containing approximately 22 300 human transcripts. The dendrogram, which was obtained by agglomerative hierarchical clustering of liver samples with no gene selection, is shown in Figure 1 . The nine steatotic liver samples clustered together, while the nine normal liver samples seemed to have more heterogeneous gene expression profiles.
According to the step-down maxT multiple testing procedures for control of the Family-Wise Error Rate (with a Family-Wise Error Rate of 5%, ie, a 5% probability of having at least one Type I error), 110 sequences were found to be differentially expressed in normal and steatotic liver samples. Of these, 100 sequences were overexpressed and 10 were underexpressed in steatotic liver samples. Lists of overand underexpressed sequences are given in Table 3 . Figure 2 shows the expression profiles of these 110 sequences in the 18 liver samples.
Genes were classified in nine families according to their function (Table 3) . One of these families included genes coding for the mitochondria respiratory chain proteins and enzymes involved in the metabolism of lipids and creatine synthesis. Another family included genes coding for ions transporters, lipids transporters (apolipoprotein C-IV involved in formation of very low density lipoprotein, whereas apolipoprotein E and scavenger receptor B type 1 involved in selective cholesterol uptake). A majority of differentially expressed genes belonged to the families of transcription factors (nuclear and mitochondrial transcription factors) or coded for proteins involved in the cell cycle control (signal transduction, apoptosis and cell cycle), protein modifications and extracellular matrix remodelling. Two groups of genes were involved in either DNA damage repair pathways or inflammatory pathways; these are TOLLIP, single Ig IL-1R-related molecule (SIGIRR) and TGFB1.
Mitochondria and Mitochondrial DNA Content in Normal and Fatty Livers
Quantitative real-time PCR was used to determine the mtDNA to DNA ratio in 40 liver biopsies, including the 18 biopsies of the gene profiling study and 22 additional samples. The mean ratios of mtDNA to DNA content were 0.6770.10 and 1.1270.14 in the group of liver biopsies without and with steatosis, respectively (P ¼ 0.011, Table 4 ). This result was supported by mitochondria immunostaining using tissue microarray analysis (Figure 3) . Indeed, an increase of the number of mitochondria in hepatocytes with fatty droplet (macrovesicular Figure 1 Hierarchical clustering of normal and steatotic liver samples. Agglomerative hierarchical clustering was performed with no gene preselection, using the Euclidean distance as a dissimilarity measure between samples, and average linkage as a dissimilarity measure between two clusters. 'N' means normal liver sample and 'S' means steatotic liver sample. Figure 2 Expression profiles of the 110 differentially expressed sequences (FWER ¼ 0.05) in the nine normal and nine steatotic liver samples. Each row represents a probe sequence and each column represents a liver sample. The expression measures are standardized for each probe sequence (ie, row standardized). A green to red colour palette is used to represent expression levels, with green representing underexpression and red representing overexpression. Gene names are listed in Table 2 . 'N' means normal liver sample and 'S' means steatotic liver sample. 
Gene description
Gene expression in human liver steatosis F Chiappini et al steatosis) was observed using deep stain and the counting of the number of brown points (Figure 3c and d). In normal liver, the stain was spread within the liver tissue (Figure 3a and b) . A semiquantitative evaluation of the staining showed a significant difference between the two groups (two positive samples of the 11 normal livers vs nine positive of the 11 fatty livers; w 2 ; Po0.01)
Validation of the Expression of Steatosis-Related Genes in Additional Liver Samples
Using TaqMan s procedure, we quantified three genes involved in the inflammation response that exhibited a highly significant differential expression in normal and fatty livers ( Table 2 ). There were likely ortholog of mouse signalling intermediate in Toll pathway-evolutionarily conserved (SITPEC), toll interacting protein (TOLLIP) and SIGIRR mRNA. We confirmed an increase in the mRNA expression of these genes in fatty liver compared to normal livers (1.7171.03 vs 0.9070.19; 3.2872.24 vs 1.4170.54; 0.7470.30 vs 0.4870.24, respectively, Table 4 ). We have analysed the association between the increased expression of these genes and the BMI. We have only observed a trend for a correlation between TOLLIP mRNA levels and BMI (P ¼ 0.055). Of interest was the increase of the expression of mitochondrial antigen, IL-1R1, IGF2 and TGFB1 in most of the HCV-associated steatosis and steatohepatitis. IL1-R1 was always strongly expressed in steatohepatitis linked to alcohol or obesity and in half of the HCV-associated steatosis (Table 5 ). Figure 4 shows a uniform spread of IL1-R1 staining in fatty liver tissue. In contrast, IGF2 was expressed in normal livers and only an increase in the immunostaining intensity was observed.
Discussion
The current understanding of the mechanisms by which triglycerides accumulate within the liver and by which hepatic steatosis progresses to steatohepatitis is based almost exclusively on data from animal models. Liver biopsies are rarely performed in patients with fatty livers. Thus, we have performed genome expression profiling studies in patients to better understand the molecular basis of liver steatosis per se. We studied human liver biopsies with simple fat deposition excluding steatosis with microscopic signs of inflammation. All of the patients included in the study had stayed for less than 24 h in the intensive care unit, to exclude patients with long fasting or intravenous glucose perfusion to avoid the depletion in liver glycogen content. However, the statistical analysis of the differentially expressed genes between the two groups of patients who stayed for similar durations in intensive care and who have received similar medications avoids the artefact of differential expression of genes linked to starvation due to the intensive care stay. Moreover, the dendrogram of the liver samples, by agglomerative hierarchical clustering, including all 22 300 sequences, validates our histological selection of them. Indeed, it shows that all of the steatosis liver samples clustered together, compared to liver without steatosis. It appears that this homogenous classification of steatosis biopsies may originate from an identical metabolic disruption. Our population of donors of liver grafts preferentially exhibited steatosis linked to excess body fat since their BMIs were significantly higher than those of patients without liver steatosis. Some of them may have had high alcohol consumption. However, none of the patients were infected with HBV, HCV or HIV. Thus, our population can be In 1998, a 'two-hit' model was proposed to explain the pathogenesis of steatohepatitis, the first hit being steatosis, which increases the sensitivity of the liver to the second hit, which mediates liver injury. More recent data have emphasized the critical role of free fatty acids from adipose tissue and insulin resistance. However, these conclusions were mostly drawn by combining results obtained in animal models with the limited amount of human data available. Recently, Sreekumar et al 13 studied global gene expression in liver biopsies from humans with NASH and emphasized the role of impaired mitochondrial function with attenuated capacity for dismutation of reactive oxygen species and diminished insulin sensitivity. In our study, many of the 110 differentially expressed genes were involved in mitochondrial metabolism, nine of them coding for proteins involved in the mitochondrial respiratory chain and some others encoding proteins that can interfere with mitochondrial metabolism. The increased metabolic capacity in mitochondrial metabolism is corroborated by the significant increase in the number of mitochondria per fatty cell as well as in the mitochondrial DNA content to nuclear DNA ratio in liver steatosis compared to normal livers. By contrast, a few genes were involved in the response to increased reactive oxygen species generation and the subsequent lipid peroxidation due to an increased fatty acid boxidation and peroxisomal fatty acid oxidation, which is one of the proposed 'second hit' mechanisms, as shown in the study on gene expression in NASH. 24, 25 We did not observe any difference in gene expression that may further uncouple oxidation and phosphorylation and thus worsen the oxidative stress, as observed in animals. 26 This may be because we selected liver biopsies without any signs of inflammation.
Steatohepatitis is characterized by the presence of fibrosis. However, little is known about the mechanisms of fibrogenesis linked to steatosis in human liver. The most frequently proposed mechanism is the activation of hepatic stellate cells by cytokines and oxidative stress 5, 7, 24, 25 as well as an increase in the amount of connective tissue growth factor (CTGF, 27 ) and leptin, 28 leading to the activation of TGFB1. 29 In our study, a small number of genes implicated in the inflammatory process were significantly up-or downregulated. However, TGFB1, which is an important mediator of the mesenchymal-epithelial interactions responsible for context-dependent inhibition or stimulation of cell proliferation [29] [30] [31] and also neoplastic transformation, 31, 32 ). On tissue arrays, we have observed an overexpression of IL1-R1 in all the steatosis of liver graft donors as well as in all the steatohepatitis samples associated with either excessive alcohol consumption or obesity showing that the overexpression of IL-1R1 could be a major pathway activated early in the development of steatohepatitis. The detection of IL-1R1 could be an accurate and early marker in patients at risk to develop a steatohepatitis.
Our results also suggest that the extracellular matrix could be altered since the early steps of FLD. This could be due to elevated concentrations of intracellular fatty acids within the liver parenchyma that have already been shown to be directly toxic to hepatocytes, leading to oxidative stress, inflammation and fibrogenesis, but not to mitochondrial toxicity. 33, 34 This could also be due to the overexpression of genes such as IGF2, IGFB4 and IGFBP acid labile unit or Claudin3 or hepsin acting through TGFB1 activation of Kupffer cells/macrophages or stellate cells leading to remodelling of extracellular matrix or activating cells to growth as in liver regeneration or activating apoptosis in hepatic cells to control the hepatocyte mass. [35] [36] [37] [38] TGFB1 and IGF2 protein expression was increased in most of the samples exhibiting either steatosis or steatohepatitis and corroborate our results of gene expression profiling. However, the basal expression of IGF2 in nonsteatotic livers led to difficulties in the interpretation of the results.
In conclusion, our results reveal that mitochondria play a major role since the early steps of steatosis, perhaps to ensure the catabolism of hepatic lipids, with increased mitochondrial phosphorylative and oxidative metabolism. Although no microscopic signs of inflammation were observed on liver biopsies, an increase in the expression of genes or proteins involved in inflammation pathways and/ or extracellular matrix remodelling, such as TGFB1, IL1-R1 and IGF2, was observed in fatty livers. IL1-R1 seems to play a role in the development of both steatosis and steatohepatitis and could be considered as an early and accurate marker in patients at risk to develop NASH.
